The Standard Model of particle physics agrees very well with experiment, but many important questions remain unanswered, among them are the following. What is the origin of particle masses and are they due to a Higgs boson? How does one understand the number of species of matter particles and how do they mix? What is the origin of the difference between matter and antimatter, and is it related to the origin of the matter in the Universe? What is the nature of the astrophysical dark matter? How does one unify the fundamental interactions? How does one quantize gravity? In this article, I introduce these questions and discuss how they may be addressed by experiments at the Large Hadron Collider, with particular attention to the search for the Higgs boson and supersymmetry.
The Standard Model and its open questions
All the visible matter in the Universe and the known forces between matter are described well by the Standard Model. Within the Standard Model, the strong interactions reflect invariance under the local SU(3) colour gauge group, and the electromagnetic and weak interactions are described by a Lagrangian that is invariant under local weak isospin and hypercharge gauge transformations, described using the SU(2) ⊗ U (1) group, which can be written as The first line in (1.1) contains the kinetic terms for the gauge sector of the theory, with a running over all the gauge fields. Associated with the three gauge groups, there are three couplings g 1, 2, 3 . The second line in (1.1) describes the interactions between the matter fields j and the gauge fields. The third line is the Yukawa sector and incorporates the interactions between the matter fields and the Higgs field, f, which are thought to be responsible for giving fermions their masses when electroweak symmetry breaking occurs. The fourth and final line in (1.1) describes the Higgs sector itself. The first piece is the kinetic term, and the second piece of the final line of (1.1) is the Higgs potential V (f), which takes the form
in the Standard Model. It should be noted that, whereas the first two lines of (1.1) have been confirmed in many different experiments, there is no direct experimental evidence for the last two lines. One of the main objectives of the Large Hadron Collider (LHC) is to discover whether it is right, needs modification, or is simply wrong. The gauge sector of the Standard Model has four parameters: the three gauge couplings and a charge-parity (CP)-violating phase in the strong interactions. The task of simplifying this sector is the problem of unification. The Yukawa interactions have a total of 13 parameters: three charged-lepton masses, six quark masses, three Cabibbo-Kobayashi-Maskawa angles and another CP-violating phase. Understanding this sector is the problem of flavour. Finally, the minimal Higgs sector shown in (1.1) has two parameters, namely quadratic and quartic couplings. Understanding this sector is the problem of mass. Overall, the total number of parameters in the Standard Model is 19, and then there are neutrino masses and mixing to think about . . .. Surely nobody can believe that the Standard Model is the end of the particle story?
The Large Hadron Collider and the open questions beyond the Standard Model
As we have seen above, there is a standard list of open questions beyond the Standard Model of particle physics. What is the origin of particle masses, and are they due to a single elementary Higgs boson, or to something else? Why are there so many types of matter particles, and why and how do matter and antimatter particles differ (the origin of CP violation)-perhaps the answer to this question is related to the origin of matter in the Universe? How does one unify the fundamental forces, and how does one construct a quantum theory of gravity? To these one might add a question whose answer surely lies beyond the Standard Model, namely, what is the nature of the cold dark matter that makes up some 80 per cent of the matter in the Universe? The LHC may be able to address all these questions. One of its main motivations has been to solve the mass problem, and its experiments should tell us definitively whether or not there exists a Higgs boson resembling that in the Standard Model. There is a large class of models in which cold dark matter is composed of particles that were in thermal equilibrium in the early Universe, in which case they should weigh approximately 1 TeV, and be produced at the LHC.
One example of such a theory is supersymmetry, which would also assist in the unification of the fundamental forces. Measuring the masses of supersymmetric particles, if they exist, would be a great way of testing predictions based on such theories. Finally, supersymmetry and extra dimensions are key aspects of string theory, the only promising candidate for a consistent quantum theory of gravity, which could be tested in very novel ways if the LHC produces microscopic black holes. In the following, I review in more detail the prospects that the LHC might cast light on these enticing scenarios. However, I would also like to emphasize that the LHC is not the only game in particle physics: many phenomena such as supersymmetry, extra dimensions, neutrino masses, grand unification and string theory may be fully revealed only at very high energies that could be accessible only via high-energy astrophysics and cosmology.
Why do particles weigh?
We all learnt at school that weight is proportional mass, as discovered by Newton, and Einstein taught us that energy is related to mass via the famous equation E = mc 2 . Unfortunately, these two honourable gentlemen forgot to explain to us where the mass came from in the first place. The mechanism described in the two bottom lines of (1.1) was proposed independently by Francois Englert and Robert Brout and by Peter Higgs. The latter also pointed out explicitly that this mechanism implied the existence of an unseen particle, now called the Higgs boson, which has become in some sense the Holy Grail of particle physics, and certainly the first target of the LHC.
As an analogy as to how the Englert-Brout-Higgs mechanism works, let us imagine an infinite, featureless, flat, homogeneous and isotropic field of snow (northern Canada, maybe). If we try to cross this snow field on skis, we skim across it very fast, hardly interacting with it. This resembles a massless particle that does not interact with the Higgs field, acquires no mass and always travels at the speed of light. Now consider somebody with snowshoes: this person will sink somewhat into the snow field (interact with the Higgs field), and be slowed down (rather as a massive particle travels at less than the speed of light). Finally, if you try to cross the Higgs snow field in just your boots, you will sink in deeply and travel very slowly, just like a particle with a large mass that travels at much less than the speed of light. According to this theory, masses are proportional to couplings to the Higgs snow field, which are the Yukawa couplings y ij seen in the third line of (1.1). The Englert-Brout-Higgs mechanism does not explain the pattern of these couplings, which is part of the flavour problem.
This analogy is not perfect (analogies are, by definition, imperfect), but it can be carried further. For example, snow is made out of snowflakes and, by analogy, the quantum of the Englert-Brout-Higgs field is the Higgs boson. Just as snowflakes are composite objects, with no pair identical, it could also be that the Higgs boson is not an elementary particle, but actually is composed of more elementary constituents, and just one of a whole new spectroscopy of particles. Then again, snow melts when you heat it and, by analogy, we expect that the Englert-Brout-Higgs field would have been molten at the very high temperatures in the very early Universe, at which epoch particles would have had no masses. A combined fit to all the data, shown in figure 1, yields the asymmetric estimate [3] 
at the 68% CL, and a 95% CL upper limit of 143 GeV.
The Higgs boson as the door to new physics
If the Higgs mass is large, so is the Higgs quartic self-coupling l (1.2), and renormalization effects cause it to blow up at some relatively low scale L, as seen in figure Yukawa coupling drives l < 0, leading to an instability in the electroweak vacuum, unless new physics such as supersymmetry intervenes [6] . Only a narrow range of m h ∈ (130, 180) GeV is compatible with the survival of the Standard Model at all scales up to the Planck mass. This could be the 'maximal conceivable disaster' scenario for the LHC: a single Standard Model Higgs boson and nothing else! As we have seen, the precision electroweak data favour small values of m h and hence l, and the combination with the Tevatron exclusion (4.2) excludes the blow-up scenario at the 99% CL [5] . The unstable-vacuum scenario of the Standard Model is preferred, but the 'disaster' scenario is not even disfavoured at the 1s level. How could one stabilize a theory with a light Higgs boson? Since it is the top quark that destabilizes the electroweak potential, the simplest option is to introduce a scalar particle with similar couplings. This can delay the collapse of the potential, but the new coupling must be very finely tuned in order to avoid another blow-up. The answer is to stabilize it with a new fermion. The new scalar is much like the stop quark, the fermion is just like the Higgsino and the resulting theory is very much like supersymmetry! The stakes in the search for the Higgs boson are very high. How is the electroweak symmetry broken? Is there such a thing as an elementary scalar field? What is the fate of the Standard Model at high energies and temperatures? Did mass appear when the Universe was a picosecond old? Does the Higgs boson need help, e.g. from supersymmetry? Did the Higgs boson play a role in generating the matter in the Universe? Was a related inflaton (or even the Higgs boson itself) responsible for making the Universe so big and old? Why is there so little dark energy, despite the propensity of the Higgs field to contribute many orders of magnitude too much? What will we discover beyond the Higgs door?
Where does the matter in the Universe come from?
This became an issue over 80 years ago, when Paul Dirac pointed out that combining special relativity and quantum mechanics necessitated the existence of antimatter, which was discovered among the cosmic rays soon after. Dirac predicted that matter and antimatter particles would have equal masses but opposite internal properties such as electric charges. It came as a big shock in 1964 when it was discovered that the weak interactions of matter and antimatter were not quite equal and opposite. This small difference can be accommodated, but not really explained, in the Standard Model via the electroweak phase mentioned in §1.
The Russian physicist Andrei Sakharov proposed in 1967 that the small laboratory difference between matter and antimatter might explain the fact that the Universe today contains a (relatively) small amount of matter and a lot of radiation, but no significant quantities of antimatter. He laid out three conditions for generating this matter asymmetry: interactions capable of changing quarks into leptons (which are predicted to exist in unified theories, but have never been observed), a breakdown of thermal equilibrium during the early expansion of the Universe (as might have occurred during a cosmological phase transition), and a matter-antimatter difference (C and CP violation) as observed experimentally.
However, the charge conjugation (C) and CP violation observed so far, as described within the Standard Model via phases in the Yukawa couplings y ij , is insufficient to generate the amount of matter seen in the Universe today, which requires new physics beyond the Standard Model. There are some extensions of the Standard Model at the TeV scale, such as supersymmetry, which are in principle capable of generating enough matter, which might show up in the Higgs sector. Alternatively, it might be generated by physics at a higher energy scale, e.g. in the neutrino sector. Either way, there may be direct or indirect indications of this new physics at the LHC, and the LHCb experiment is dedicated to exploring such possibilities.
Dark matter
Another cosmological puzzle that requires new physics beyond the Standard Model for its solution is the nature of dark matter. Astrophysicists and cosmologists assure us that the formation of structures in the Universe and their persistence today is possible only with the help of additional gravitational attraction provided by some form of invisible non-relativistic matter. Various astrophysical candidates such as black holes seem to be excluded, so attention is focused on particle candidates for dark matter. In many scenarios, these dark matter particles were once in thermal equilibrium with the rest of the particles in the Universe, in which case, general arguments suggest that they probably weigh less than about 1 TeV. In order to be 'dark' and not bind to ordinary matter, dark matter particles should have neither electric charge nor strong interactions.
Many such dark matter particles have been proposed in the literature, with the prototypical example being the lightest supersymmetric particle (LSP) [7] . However, there are other possibilities: the basic requirement is some conserved quantum number to guarantee the stability of the dark matter particle, which would be provided by a combination of baryon number, lepton number and spin in the supersymmetric case, called R-parity. A general feature of such scenarios is the production of pairs of invisible particles at the LHC that would carry away energy and momentum.
Unifying the fundamental interactions
It has been the dream of theoretical physicists ever since Einstein to unify the fundamental interactions in a simplified mathematical framework. Einstein never succeeded, but some of the ideas he developed find echos in modern theories of unification. Most prominent among these is string theory, which offers a consistent quantum-theoretical framework capable of unifying gravity with the other particle interactions. String theory seems to require supersymmetry and also, in some sense, extra dimensions of space, one of Einstein's pet ideas.
There are many ways in which extra dimensions might show up at the LHC ( [8] and references therein), depending on their sizes and whether all the fundamental interactions 'feel' them, or only gravity. In some of these scenarios, energy and momentum 'leak' away into the extra dimensions; in others, there are resonant Kaluza-Klein excitations of the known particles whose wave functions are wrapped around the extra dimensions.
However, the possibility that has attracted the most widespread attention (not all of it positive) has been that gravity might feel the extra dimensions sufficiently to become strong at the TeV scale, making possible the production of microscopic black holes at the LHC. Theories predicting such a possibility also tell us that these microscopic black holes would be very unstable, and decay spectacularly with the emission of energetic quarks, gluons, leptons, photons and neutrinos. If such objects were to exist and be produced at the LHC, they would provide wonderful laboratories for checking quantum theories of gravity such as string theory.
The search for supersymmetry
Supersymmetry has already made several appearances in the above discussion, unsurprisingly in view of the many motivations for it. Theorists were initially enthusiastic about supersymmetry because of its beauty, but its prospective relevance to experiments at the LHC stems from its ability to render the hierarchy of mass scales more natural. This issue arose from calculations of the quantum corrections to the Higgs mass and hence to the mass scale of the weak interactions, which are quadratically divergent:
where y f is a generic Yukawa fermion-Higgs coupling (cf. line 3 of (1.1)), l S is a generic scalar-Higgs coupling and L is a cut-off in momentum space. If the Standard Model were to remain valid without modification up to some large scale L 1 TeV, each of the quadratically divergent expressions in (9.1) would give contributions to the Higgs mass that greatly exceeds its physical value. However, we note that these would cancel if l S = 2y 2 f , which is precisely the relation predicted in a supersymmetric theory. Moreover, this relation also removes all the quadratic higher order quantum corrections, as well as some of the logarithmic corrections. In this way, supersymmetry makes a light Higgs boson technically 'natural', though it does not provide an explanation for the magnitude of the electroweak scale.
In addition, supersymmetry predicts that the Higgs boson should be light, with a mass around 120 GeV, as suggested by the available experimental data. Furthermore, supersymmetry would facilitate grand unification, as well as being needed for the consistency of string theory. Moreover, supersymmetry could explain the apparent discrepancy between experiment and the Standard Model calculation of the anomalous magnetic moment of the muon, g m − 2.
There are important constraints on supersymmetry owing to the absence of particles at LEP and the Tevatron, the LEP lower limit on m h and the consistency of b-quark decays with the Standard Model. Some hint of new physics at the TeV scale may be provided by the measurement [9] of the anomalous magnetic moment of the muon, g m − 2, which could be explained by supersymmetry, although there are still uncertainties in the Standard Model calculation of g m − 2 [10] . The measured density of dark matter, 0.097 < U DM h 2 < 0.122, provides a very tight constraint on some combination of supersymmetric model parameters, if the LSP provides the dark matter. The interplay of these constraints is shown in figure 3 for one particularly simple supersymmetric model with universal supersymmetrybreaking parameters m 1/2 and m 0 assumed at the grand unified theory (GUT) scale, the constrained minimal supersymmetric model (CMSSM) [11] .
Where is supersymmetry?
Before the start-up of the LHC, we made a global supersymmetric fit using a frequentist approach to analyse the precision electroweak data, the LEP Higgs mass limit, the cold dark matter density, b-decay data and (optionally) g m − 2. We combined the likelihood functions from these different observables to construct a global likelihood function that can be used to infer preferred regions of the supersymmetric parameter space [14] [15] [16] .
We see in figure 4 that the preferred region of the (m 0 , m 1/2 ) plane in the CMSSM corresponds to relatively low masses where the relic LSP density is brought into the Wilkinson Microwave Aniostropy Probe (WMAP) range by coannihilations with light sleptons, particularly the lighter stau. The 'focus-point' region at large m 0 is disfavoured, principally but not exclusively by g m − 2. If one drops this constraint, considerably larger ranges of m 0 and m 1/2 would be allowed, though small values were also slightly preferred by other pre-LHC data [14] [15] [16] . luminosity at 7 TeV in the centre of mass would probably include all the 68% CL regions in figure 4 . It should be noted, however, that this conclusion is dependent on the interpretation of g m − 2 and the theoretical calculation of b → sg decay in the Standard Model. If the interpretations of these constraints are questioned, more time might be required to discover supersymmetry. Subsequent to these analyses, the CMS and ATLAS experiments have published the results of several (unsuccessful) searches for supersymmetric particles at the LHC using data taken in 2010 [12, 13] , focusing mainly on the missing-energy signatures expected if the LSP provides the astrophysical dark matter. These constraints are shown in figure 3 as yellow and red lines, respectively. In addition, the LHCb experiment at the LHC has joined the CDF and D0 experiments at the Fermilab Tevatron collider in setting upper limits on the rare decay B s → m + m − , which is also an important constraint on supersymmetric models. Another constraint comes from searches by ATLAS and CMS for the heavier neutral Higgs bosons predicted in supersymmetric models using 2010 data.
Based on these constraints and including also the constraint imposed by the XENON100 experiment looking directly for cold dark matter [17] , we found in new global supersymmetric fits the results shown in figure 5 [18, 19] . The best-fit points are represented by green stars, and the 68% and 95% CL regions by solid red and blue contours, respectively (the dotted lines are the current results if the LHC constraints are omitted). Also shown in figure 5 are the preliminary results from the early 2011 running of the LHC [12] , which cut very close to the best-fit point in the CMSSM. Figure 6 shows the possible trajectory of best fits to the CMSSM parameters if supersymmetry is excluded by larger amounts of integrated LHC luminosity. If supersymmetry were not to be discovered with several inverse femtobarns of data, one should undoubtedly consider alternative signatures of supersymmetry, and/or question the interpretations of g m − 2 and b → sg used in the above analyses.
A conversation with Mrs Thatcher
Back in 1982, while she was Prime Minister of the UK, Mrs Thatcher visited CERN and was introduced to British physicists. When she was told I was a theoretical physicist, she asked me 'What do you do?' I explained that my job was to think of things for the experiments to look for, and hope they find something different. 'Wouldn't it be better if they found what you predicted?' asked Mrs T., who always liked her ideas to be vindicated. My response was that, in that case, we would not be learning anything really new. Likewise, I sincerely hope that the LHC will be remembered in the history of physics for something not described in this article.
